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INTRODUCTION 
This paper describes theoretical and experimental work directed 
toward finding the optimum probe dimensions and operating frequency 
for eddy current detection of half-penny surface cracks in non-
magnetic conducting materials. The study applies to probes which ex-
cite an approximately uniform spatial field over the length of the 
crack at the surface of the material. In practical terms, this means 
that the probe is not smaller than the crack length in any of its 
critical dimensions. 
The optimization of a simple coil probe is first analyzed in de-
tail. It is shown that signal-to-noise ratio and lift-off discrimi-
nation are maximized by a pancake coil with mean radius not greater 
than the crack length, operated at a frequency which gives a skin 
depth equal to the crack depth. 
The results obtained for the simple coil are then used as a 
basis for discussion of the design of coils with ferrite cores and 
shields, and for the design of recording head type probes. It is ar-
gued that the same general optimization principles apply to these 
probes also; namely, that the critical probe dimensions should not be 
greater than the crack length, and the operating frequency should 
give a skin depth equal to the crack depth. Since adequate theory 
does not exist for analytical optimization of these two cases, some 
experimental measurements are presented to support the discussion. 
On the basis of the available data, the recommended ranking of 
the three probes for detection of a small crack is: 
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1. recording head, 2. coil with core and shield, 3. simple 
coil. 
OPTIMIZATION OF SIMPLE COIL 
Assumptions 
The material is a flat semi-infinite solid with conductivity a, 
free space permeability p , and free space permittivity. 
o 
The crack is a closed half-penny (i.e. semi-circular) surface 
crack with a radius normal to the surface of the material as shown in 
Figure 1. 
The probe is a circular coil, with cross-section as shown in 
Figure 1, with mean radius r >2a, width w>2a, and height h«r • 
0- - 0 
These assumptions are made so that the electric field E at the sur-
o 
face of the material is approximately constant in amplitude and phase 
over the coil width w under the coil winding. In the region just 
below the surface of the material, the field falls off exponentially 
with exponent -(1+j)x/~, where ~ is the eddy-current skin depth in 
the material. 
The coil is wound with N turns and has no shield or core. In 
free space the coil is a pure inductance L , with reactance X • 
o 0 
The coil is operated at a constant fr~quency f in one arm of a 
bridge, which is balanced when the coil is on the surface of the ma-
terial. Under this condition, the coil current is I, and the coil 
impedance is Z. 
The flaw is detected when the crack is centered directly under 
the coil winding as shown in Figure 1. The detection is made by ob-
serving the component of the crack-induced impedance change ~Zf in a 
Coil 
I \ I t 
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... ...." 
Material 
Crack 
Figure 1. Coil cross-section, showing relation to material and 
half penny crack. 
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direction orthogonal to the direction of the initial lift-off im-
pedance change 6Zt as shown in Figure 2. Note that the bridge actu-
ally measures 6Z f /Z and 6Zt IZ. 
Optimization Criterion 
The optimization criterion is to maximize the figures of merit S 
and D, given by Auld [1]. 
S = I Zf/Z I sin e 
D = I Zf/ZJ, I sin e 
where e is the angle between 6Zf and 6ZJ,' 
(1) 
(2) 
The sensitivity figure of merit S is proportional to the signal-
to-noise ratio when the noise is independent of the coil current, 
e.g. thermal noise. The discrimination figure of merit D is propor-
tional to the signal-to-noise ratio when the noise is due to lift-
off. 
I§I 
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Figure 2. Impedance changes 6Zf due to flaw and 6Z,. due to lift-off. 
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A more general criterion is the maximization of detection proba-
bility, as described by Bahr [2]. This criterion is not used because 
it depends upon a knowledge of the probability distributions of the 
nOise, which are not available. However, the maximization of Sand D 
should result in nearly maximum probability of detection. 
Calculation of ~Zf and ~Zt 
It has been shown [3] that for a uniform electric field incident 
upon a closed half-penny surface crack, that when a«6: 
~Zf = -(Eo/I)2 aa3(4/3) [1-(5/8)(a/6)-j(5/8)(a/6) + j(4/15)(a/6)2]. 
(3a) 
For the same conditions, it has been shown [4] that when a»6: 
(3b) 
where F = .85 for the half-penny crack. 
The two equations (3a) and (3b) are given in the references in 
terms of the magnetic field H at the material surface. The plane-
o 
wave impedance relation 
H II = [aM(1+j)] (E II) 
o 0 
was used to derive (3a) and (3b) from the references. 
For the assumptions listed, a first-order impedance change for-
mula for lift-off can easily be calculated from the impedance change 
formula derived from the reciprocity theorem [5]. This is done by 
modeling the lift-off as the removal of a thin layer of conductor of 
thickness t. The result is 
2 ~Z. = -(E II) a2wr wI. 
,. 0 0 
(4) 
Note that the angle of ~Zt is the angle of (Eo/I)2 and, therefore, is 
the angle of the expression in brackets in (3a) and (3b). 
Since ~Zt is orthogonal to the observed impedance change, the 
first-order lift-off can only introduce the signal into the signal 
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channel if the detection channel is not perfectly orthogonal to the 
lift-off. This imperfection is assumed here. 
A more detailed analysis [4] shows that the second-order lift-
off is orthogonal to the first-order lift-off and, therefore, has a 
component in the signal channel. The use of this result as 6Z t 
results in a broader optimum [6J, but does not change the general 
conclusions reported here. 
Calculation of E II 
o 
The value of E II can be approximated from the Z IX in the nor-
o c 0 
malized impedance plane shown in Figure 3. The argument is as fol-
lows: 
The coil impedance Z is the sum of the two impedances Z and Z , 
u c 
as shown in Figure 3. Suppose a thin, perfectly conducting sheet is 
laid on the surface of the material, then 0=0 and Z=Z. Furthermore, 
u 
the electric field parallel to the surface becomes zero, and no com-
plex power enters the material. Thus Z is the impedance due to the 
c 
complex power flowing into the material, coupled by the electric 
field E parallel to the surface of the material. The impedance Z , 
o u 
on the other hand, is due to complex power which does not flow into 
the material; i.e. it is the leakage reactance due to fields uncou-
pled from the material. 
For coils with h«r , as assumed 
o 
throughout the coil which is parallel 
will be approximately E. This field 
o 
here, the electric field 
to the surface of the material 
generates a voltage IZ , as ar-
c 
gued above. This voltage can be related to the field E by integrat-
o 
ing the field around the turns of the coil. Using r as the average 
o 
radius of the turns, this gives IZ = 2nr NE . 
coo 
Writing the impedances in normalized form, this gives 
E II = (X 12nr N)(Z IX ) 
o 0 0 c 0 
Coil Optimization 
Combining (1), (3a) and (5) gives the sensitivity for a«o: 
(5) 
(6a) 
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Figure 3. Normalized impedance plane locus for w = r , h = .1 r • 
o 0 
where the term in the brackets is the same as in (3a). 
Combining (1), (3b) and (5) gives the sensitivity for a»o: 
(6b) 
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Combining (2), (3a), (4) and (5) gives the lift-off discrimina-
tion for a«~: 
(7a) 
where the term in brackets is the same as in (3a). 
Combining (2), (3b), (4) and (5) gives the lift-off discrimina-
tion for a»6: 
(7b) 
Since the coil can only be optimized for one crack size, it 
should be optimized for the smallest crack it is desired to detect. 
The strategy then is to fix the crack size a, and optimize the coil 
by maximizing Sand D over the parameters r , w, hand 6. 
o 
The optimum value of r is chosen by fixing wand r 16, and 
o 0 
choosing the r which maximizes Sand D. Looking at (6) and (7), it 
o 
is clear that both Sand D are maximized when r is as small as pos-
o 
slble. Since it has been assumed that r >2a, this maximum occurs 
0-
when r =2a. 
o 
Similarly, (7) shows that w should be as small as possible to 
maximize D. Since it has been assumed that w~2a, the maximum value 
of D occurs when w=2a. Although it is not obvious, larger values of 
w would make S larger due to the improved coupling. However, since w 
cannot get much larger than r , the chOice of w=2a is close to an op-
o 
timum. 
The optimum value of h must be determined by calculation. The 
principal effect of changing h is to change the size of the impedance 
locus in the impedance plane, as shown in Figure 4. The smaller h is 
relative to ro ' the better the coupling of the coil to the material, 
the larger the locus, and the larger the magnitude of the normalized 
coupled impedance IZ IX I. It is clear from (6) that making 
c 0 Iz IX 1 larger makes S larger, and from (7) that it has no effect on 
c 0 
D. Thus, the coil is optimized when h is as small as possible rela-
tive to r • 
o 
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Figure 4. Effect of changing coil height on impedance plane locus 
of Figure 3. 
The optimum value of 0 for a fixed flaw size a is found by fix-
ing all the other variables at their optimum values and varying 0 to 
find a maximum in Sand D. From (7) it is obvious that D is maxi-
mized when o=a. However, the value of 0 which maximizes S is not ob-
vious from (6), since Ix IZ I and Iz IX I are both complicated func-
o c 0 
tions of o. 
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A normalized graph of S as a function of a/o is shown in Fig-
ure 5. This graph is calculated using the formula of Dodd and 
Deeds [7] to calculate Ix IZ I and IZ IX I for a coil with r =w=2a 
o c o 
and h=.1r. The normalized impedance plane locus for this coil is 
o 
the one shown in Figure 3. 
Figure 5 shows that S is maximized over a broad region roughly 
between o=a and a/10. Since D is maximized for o=a, the overall op-
timum value of 0 should be a or somewhat less. 
1.0 
S 
(~ r ( Lo 1 ,.. -/ lioN2nro I 
0.1 / 
/ 
I 
I 
0.01 
0.001 
0.0001 -+-------r-------,,..-----~ 
0.1 1.0 10 100 
aid 
Figure 5. Normalized graph of S as a fUnction ale for r = w = 2a 
o 
and h =.1 r . 
o 0 
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Then, for the assumptions made here, the coil is optimized when 
r = 2a o 
w = 2a 
h « r 
o 
<5 = a 
(8) 
For a .015 in. x .0075 in. half-penny surface crack in a typical 
nickel-based disk alloy, with a conductivity about 1% of copper, this 
result predicts that the optimum coil is a pancake coil with radius 
and width about .015 in., and that the optimum operating frequency is 
about 10 MHz. 
The region r <2a, w<2a (i.e. when the coil is smaller than the 
o 
crack) needs to be investigated. In practice, it is not usually 
desirable to make the coil smaller than necessary because of the in-
creased scanning time required. However, until the detection sensi-
tivity and discrimination are known for this case, the trade-off can-
not be made. 
COIL WITH FERRITE CORE AND SHIELD 
In the preceding analysis of the simple coil, the resistance of 
the coil has been assumed zero. Practical coils have resistance, and 
one of the principal drawbacks of the pancake coil design is the high 
resistance of the fine wire needed to produce a flat coil of many 
turns. 
This is avoided in practice by making a higher coil with larger 
wire. The resulting loss of coupling is compensated for by surround-
ing the coil with a high permeability core and shield structure as 
shown in Figure 6. This structure increases the magnetic field in 
the air gap between the core and shield, i.e. at the surface of the 
material under the coil winding. This increase can be expected to be 
on the order of a factor of two. 
The electric field at the material surface increases in propor-
tion, thus increasing the coupling of the coil to the material. This 
compensates for the loss of coupling due to the increased coil 
height. Thus the core and shield structure is a way of making a tall 
coil couple as well as a short coil; however, the exact details of 
the trade-off remain to be analyzed. In addition, the introduction 
of the core and shield provides an opportunity to confine and shape 
the field. 
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Shield 
------
~ Core ~ T h ~ 
Figure 6. Cross-section of coil with ferrite core and shield. 
Experimental evidence for this qualitative analysis is shown in 
Figure 7. The figure shows the normalized impedance plane loci of 
both a simple coil probe, and a coil with a ferrite core and shield. 
The coil is the same in both cases. The core and shield is a Ferrox-
cube 1408 pot core with 3B7 ferrite. 
The solid locus is calculated from the Dodd and Deeds formula 
[7] for the given coil dimensions. The three experimental points 
were the only ones that could be measured because of the low Q of the 
coil, but they show good agreement with the theory. 
The dashed locus is a sketch through the experimental points for 
the coil with core and shield. This larger size of locus shows that 
the probe is better coupled to the material than the simple coil, 
i.e. has a larger value of E II at the same frequency. 
o 
On the basis of this discussion, it seems that, except for the 
height, the design parameters given in (8) for a simple ooil also ap-
ply to a coil with core and shield. 
RECORDING HEAD 
Model of Recording-Head Probe 
A typical recording-head probe structure is shown in Figure 8. 
Unfortunately, no analytical model for the impedance of this struc-
ture exists similar to the model of Dodd and Deeds [7] for the coil 
probe. Because of this, it is no.t possible to make an optimization 
analysis like the one carried out for the simple coil. 
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Figure 7. Normalized impedance plane loci of a simple coil and a 
coil with core and shield. The coil is the same in 
both cases. 
In the absence of a means of calculating the normalized im-
pedance plane locus of a recording-head probe, some exper.imental mea-
surements have been made to gain insight into its behavior. The ob-
jective was to find the "characteristic dimension" of the recording-
head probe, similar to r for the simple coil probe. The experiments 
o 
also indicate the role of the gap width in determining the coupling 
of the probe to the material. 
Characteristic Dimension 
The pole face dimensions for four different experimental record-
ing-head probes are shown in Figure 9. Each of these probes has a 
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Gap 
Figure 8. Schematic representation of recording head probe. 
two-coil winding configuration of the type shown in Figure 8. The 
measured normalized impedance loci for these probes on a 7/8 in. 
thick copper sheet is shown in Figure 10. 
An empirical determination of the recording-head "characteristic 
dimension" equivalent to the mean coil radius r can be made as fol-
o 
lows from these loci. Calculations from the Dodd and Deeds formu-
la [7] for a variety of coil sizes shows that the maximum value of 
R/X tends to occur at the point on the locus where r /0:2.5. Ta-
o 0 
ble 1 shows the equivalent value of r that results assuming this 
o 
maximum occurs at r /0:2.5. Comparing these values with the pole 
o 
face dimensions reveals that in each case the equivalent value of ro 
is approximately equal to the smallest dimension of the pole face. 
This result is interesting because recording heads can be 
manufactured with at least one of the pole face dimensions on the or-
der of a few thousandths of an inch. For example, the recording head 
used by Bahr [8] for eddy current experiments has a .006 in. wide 
pole face. Since coils are difficult to fabricate in this size 
range, the recording head may offer advantages for optimum detection 
of flaws on the order of a few thousandths of an inch in diameter. 
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Figure 9. Pole face dimensions for four experimental recording 
head probes. Dimensions are in Mm. 
Effect of Gap Width 
Comparing the impedance plane loci of Figure 9 with the normal-
ized gap widths glr shown in Table 1, shows that the loci are larger 
o 
when the normalized gap width is larger. That is, the coupling to 
the material increases monotonically with normalized gap width. This 
behavior is similar to that displayed by the relation between coil 
width and coupling, and it is conjectured that the recording-bead gap 
plays a role analogous to coil width. This same increase in coupling 
with increasing gap width is also suggested by the results of Watjen 
and Bahr [9], which show increasing detection sensitivity with in-
creasing gap width. 
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Table 1. Data for four different recording head 
probe configurations 
Pole Face Gap Equivalent Normalized 
Recording Dimensions Width g r Gap Width g/r 
0 
Head 
I 
I! 
II! 
IV 
(mm) (mm) (mm) 
4.5 x 38 .25 4.1 
4.5 x 2.5 .25 2.8 
6 x 10 .60 6.3 
26 x 63 6.0 23 
1.0 
0.9 
0.8 
0.7 
0.6 
0.1 
O-r----~------r---~r-
o 0.1 0.2 0.3 
R/Xo 
(mm) 
.053 
.10 
.095 
2.6 
185 
0 
Figure 10. Normalized impedance plane loci for the four recording 
head probes shown in Figure 9. 
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CONcLUSIONS 
General 
The most obvious conclusion that can be drawn from this work is 
that, for good flaw detection, the coil probe dimensions and skin 
depth should not be larger than the flaw dimensions. The case of a 
probe smaller than the flaw dimensions has not been investigated. 
A second conclusion is that the simple coil with the best cou-
pling is the pancake design, which is usually impractical because of 
power dissipation and impedance matching considerations. A more 
practical design with similar performance is the coil with core and 
shield, which is the type normally used in practice. 
The use of recording head technology is novel, at least in the 
small sizes reported by Bahr [8]. Because of the ease of fabrication 
in the sizes required for Retirement-for-Cause crack detection, the 
recording-head probe appears to be very promising for this applica-
tion. Another advantage of the recording-head probe appears to be 
the ability to use a relatively large coil while keeping the "charac-
teristic dimension" much smaller. This is important for good power 
dissipation and impedance matching. 
A final consideration in favor of the recording head is the pos-
sibility that it may be less sensitive to lift-off than coil probes. 
This possibility has been raised by Huennemann, et al. [10], who has 
shown that probes which can be modeled as horizontal dipoles are less 
sensitive to lift-off than probes which can be modeled as vertical 
dipoles. The recording head can be modeled in a manner equivalent to 
a current sheet in the gap [11], which can be thought of as part of a 
current sheet loop with a horizontal axis, i.e. a horizontal dipole. 
Ranking of Probes 
On the basis of the available data, the recommended ranking of 
the candidate probes for use in detecting small «.020") surface 
cracks is as follows: 
First Choice: 
Second Choice: 
Third Choice: 
Recording head 
Coil with core and shield 
Simple coil 
This ranking needs to be confirmed by further analysis and experiment 
with the recording head. 
Whichever probe design is used, it will have to be constructed 
in a dual balanced arrangement if it is used to inspect the edges of 
bolt holes. This arrangement is common with coil probes, and 
Bahr [9] has shown how it can be achieved with recording-head probes. 
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DISCUSSION 
R.J. von Gutfeld (IBM): I wasn't sure whether I understood all the 
details. Are you familiar with the thin film heads that IBM makes 
for their recording heads for the disk technology, and how would 
they fit into any possible scheme? 
T.G. Kincaid (General Electric Company): I'm not familiar with the 
heads, but we'd like to be, I'm sure. 
R.J. von Gutfeld: They are the smallest heads made, and they work at 
something like 2,000 Angstroms above the disk. 
T.G. Kincaid: I think those heads are going to fall into the regime 
where the heads are smaller than the flaw, and that's the regime, 
as I said, that needs to be investigated. In his talk, Al Bahr 
will show some very interesting results from disk recording head 
probes. 
R.B. Thompson (Ames Laboratory): If I may take the liberty, Dr. Dodd, 
I believe you standardly make coils at 12 mils? 
C.V. Dodd (Oak Ridge National Laboratory): We make a large driving 
core of about 20 mils. It has two cores inside of it that are 
naturally smaller. 
